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The objective of this research was to 
investigate the current state of human 
color vision modeling and to also ad-
dress its problems and possibilities. 
Some existing color vision models were 
examined from a computational point 
of view, and the behavior of the mod-
els was compared with a human ob-
server in experiments that evaluate the 
properties of color vision. Also, some 
changes in the anatomical properties of 
the human vision system, like the cone 
ratio on the retina, were taken into ac-
count in a part of the experiments. The 
results described in this dissertation 
strengthen the idea that color vision as 
a concept is complicated, and that the 
modeling of it well is a demanding task.
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ABSTRACT
The objective of this research was to investigate the current state of
human color vision modeling and to also address its problems and
possibilities. All the following results strengthen the idea that color
vision as a concept is complicated, and that the modeling of it well
is a demanding task.
First, some existing color vision models were examined from
a computational point of view. No model was able to replicate
the performance of human color vision fully in every experiment,
and our experiments showed that there are large differences in the
properties of these models. At least some kind of nonlinearity had
to be implemented in order to be able to compensate for the dif-
ferences between different brightness levels. The nonlinear models
also performed significantly better in a color classification task. The
errors made by the nonlinear models were similar to the ones hu-
man observers also often make, meaning that if the color was not
classified into the correct class, it was usually classified into one of
the neighboring classes.
Another part of our experiments indicated that if the changes in
cone ratio would not be compensated for at all in the later stages
of the human visual system, the resulting color space would be
very different for each individual. A small part of the research
was related to the Retinex model and color constancy. Finally, we
conducted a color naming experiment by focal colors of different
sizes and durations, and measured the reaction time for each stim-
ulus. The results of the color naming experiment showed that the
connections between different colored stimuli and the actual color
sensation can vary a lot depending on the parameters related to the
stimuli.
UDC: 004.942, 159.937.51, 519.876.5, 591.185.6, 612.843.31
Keywords (INSPEC Thesaurus): colour vision; visual perception; colour;
visible spectra; vision defects; eye; modelling; computers; computer vision
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1 Introduction
Colors are a significant part of our everyday life. They play a major
role, for example, in warning signs, marketing, quality control and
medical applications. In applications where important decisions
must be made based on color, it is necessary to be aware of all the
facts that affect color perception. Color sensation is always a sum
of at least three factors: the object under inspection, the light source
under which the object is examined, and the observer him/herself.
Also, the surroundings of the object under consideration may affect
the perceived color dramatically. Even though a lot of applications
based on accurate color measurements and machine vision have
been developed for different purposes (e.g. [1,22,26,50,55,60,61,67,
76]), in many cases quality judgements are still made by a human
employee. People can be trained to make judgements of uniform
quality at a certain level, but, nonetheless, the color vision of an
individual is always a subjective characteristic. This study aims at
examining some parts of this sophisticated system in more detail,
especially from a computational point of view.
Human color vision is a very complex system: even though
there are differences in the anatomical and physiological proper-
ties between individuals [34, 66], most people are able to recognize
and name the colors on a general level in the same way. Those
individuals who make an exception to this common behavior are
often suffering from some form of color vision deficiency. An ex-
ample that is not directly related to color vision, but illustrates well
the complexity of the visual processing in the brain, is a case of
a patient who completely lacked activity in the visual cortex, but
was still able to successfully navigate along a long corridor with-
out bumping into any obstacles [16]. A similar case has also been
reported with monkeys [39]. There is also a known case of a pa-
tient that has been able to consciously see colors being otherwise
virtually blind [95].
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Human color vision is fundamentally trichromatic [49]. This
means that on the retina, there are cones that are sensitive to three
different wavelength regions. There are, however, a lot of individu-
als who have some kind of malfunction in one cone type. A com-
mon title for all these abnormalities is color vision deficiency (CVD).
Color vision deficient people usually have problems either with
long or middle wavelength cones. Long wavelength cones receive
most of the information from the red end of the visible spectrum,
and cones sensitive to middle wavelengths have their peak sensi-
tivity in the green region. A complete lack or malfunction of ei-
ther of these cone types leads to a condition that is in colloquial
language often called red-green color blindness. Such dichromatic or
anomalous trichromatic color vision is actually rather common among
most mammals [45]. An individual with this kind of condition has
problems in differentiating between certain hues of red and green.
It is also possible, however very rare, that the short wavelength
cones of an individual are malfunctioning, which causes problems
mainly with the separation of certain blue and yellow hues [4, 49].
The genetics and the evolution of primate color vision has been
researched a lot (e.g. [43–45, 66, 68, 70, 73, 93]). It is known, for ex-
ample, that Old World primates have normally three types of cone
photopigments and the set of their visual pigments is more or less
uniform. At the same time, New World primates are more of-
ten dichromats and there is more variance in the photopigments
[43, 63]. Generally speaking, it seems that trichromatic vision is
almost always superior or at least equal in performance when com-
pared to dichromatic. For example, Osorio and Vorobyev [69] have
found that for identification tasks, the dichromat’s eye is almost
as good as a trichromat’s, but for a trichromat it is easier to detect
fruit against leaves. Also, in [68], the authors discuss differences be-
tween di- and trichromatic primates, and they state that "it would
be interesting to find a natural situation where dichromat monkeys
or humans enjoy any advantage over trichromats".
In addition to differences in the number of cone types active on
the retina causing some kind of color deficiency, there can be vari-
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ation in the anatomical structure of individuals with totally normal
color vision. For example, it has been proven with adaptive optics
imaging that there are remarkable differences in the cone mosaics
between individuals with normal color vision [34,91]. Also, genetic
variations in the sensitivities of the long and middle wavelength
cones are known to exist [66], and it is actually genetically possible
for human beings to simultaneously have on the retina more than
three different cone pigments types [46, 65, 66]. There seem to be
at least some indications that the fourth photopigment could also
yield to a richer color experience [46].
As discussed above, there are a lot of well-known differences
in color vision between individuals. It is also possible that color
vision abilities of certain individuals change during the course of
time [51]. The effect of different environmental variables on color
vision is shown, for example, in a study with monkeys [81], where
the color matching performance of a group of infant monkeys, that
had been kept after birth in a room illuminated only by randomly
changing monochromatic lights almost for one year, was quite dif-
ferent from that of a control group. Some proof of the plasticity
of the neural mechanism behind the color perception has also been
found in experiments with human adults [64]. The chromatic expe-
rience of the test subjects was altered using color filters. During the
experiment, there was a shift in color perception, which persisted
1-2 weeks after the filters were no longer used. A more radical ex-
ample of the adaptivity of the primate visual system was reported
at the end of year 2009, when it was shown that it is possible to cure
the color blindness of adult primates using gene therapy [59]. The
male squirrel monkeys (saimiri sciureus) used as test subjects had
been color blind since birth. When a virus containing a human L-
opsin was injected into the photoreceptor layer of color blind mon-
keys, M-cones that were exposed to the L-opsin shifted their spec-
tral sensitivity to respond to long wavelength light. The treated
monkeys started to behave in tests in a way that indicated that they
had gained trichromatic vision. According to the researchers, this
improvement in color vision has remained stable for more than 2
Dissertations in Forestry and Natural Sciences No 20 3
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1.1 PURPOSEANDORGANIZATIONOF THIS DISSERTATION
The aspects presented above raise the following questions. How can
the known anatomical and physiological variations affect existing
color vision models? Is it necessary, or even possible, to model the
individual differences of the visual system? Some viewpoints that
affect our color perception and different ways for modeling color
vision are presented in Figure 1.1.
MODELING 
COLOR VISION
Psychophysical
experiments
Computational
modeling
Physical properties
of a color vision
system
Machine visionAnimals
(excl. humans)
Color vision
deficiencies
Aging
Lens coloring
Individual cone
ratios and
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Biological structure
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vision system
Eye
movements
Visual buffer
Learned color
classes
Color
constancy
Shades
Intensity
Surrounds
Cultural
differences
Color naming
Color classification
[P2]
[P1]-[P4]
[P5]
Figure 1.1: Different aspects of color vision and color vision modeling. The arrows on the
left-hand side of the graph show the connections of publications [P1] - [P5] to different
topics. A detailed presentation of the biological structure of the human color vision system
is shown in Chapter 2 (Figures 2.4 and 2.5).
The objective of this research was to investigate the current state
of human color vision modeling and to also address its problems
and possibilities. The main objective of this dissertation has been to
examine the properties of color vision in different ways:
• Based on existing models [P1], [P2], [P3], [P4]
4 Dissertations in Forestry and Natural Sciences No 20
Introduction
• Based on the latest research of cone distribution in the human
eye [P2]
• Based on psychophysical experiments [P5]
The major contribution of this dissertation is the examination of
some existing color vision models from a computational point of
view, and comparison of the behavior of the models with a human
observer in experiments that evaluate the properties of color vision.
Also, some changes in the anatomical properties of the human vi-
sion system, like the cone ratio on the retina, is taken into account
in a part of the experiments. Based on the findings reported in the
publications [P1] - [P5], conclusions are drawn and prospective re-
search possibilities for understanding the properties of color vision
in even more detail are suggested.
The structure of this dissertation is as follows: After the Intro-
duction in Chapter 1, general principles of color theory and color
vision are presented in Chapter 2. Chapter 3 describes the different
types of color vision deficiencies and introduces tools for diagnos-
ing them. In addition, a more detailed discussion about differences
in color vision between individuals is given. Chapter 4 includes a
general description of modeling color vision and details of a cou-
ple of known color vision models. Chapter 5 is a summary of the
publications included in this dissertation, and, finally, Chapter 6
contains a discussion and the conclusions.
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2 Mechanisms behind Color
Vision
Human beings interpret certain wavelengths of electromagnetic ra-
diation as visible light (Figure 2.1). Light reflecting from an object
and traveling through our visual system causes a color sensation
(Figure 2.2). Also, the light illuminating the object can be inter-
preted to be of a certain color depending on its spectral power dis-
tribution.
Figure 2.1: The electromagnetic spectrum
The most accurate representation for color is the color spectrum
S(λ), which represents the intensity of light as a function of wave-
length λ. For example, the spectra of natural objects are continuos
functions over a defined wavelength range, but in practical appli-
cations the spectrum is presented as a set of discrete values, as in
Equation 2.1.
S(λ) = [S(λ1) S(λ2) . . . S(λn)] (2.1)
A spectrum that only contains information on how an object
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interacts with light is called a reflectance spectrum in the case of
opaque objects and a transmittance spectrum in the case of trans-
parent objects [92]. When the spectral power distribution L(λ) of
a light source and the reflectance or transmittance characteristics of
an object are known, the interaction between the light and the ma-
terial can be calculated as an element-wise product of two vectors
using Equation 2.2.
Sout(λ) = L(λ) · Sre f l/trans(λ) (2.2)
Examples of these spectra in the case of an opaque object are
shown in Figure 2.2. In the color vision context, the result of the
aforementioned interaction reaches the human eye and, after being
processed in the color vision system, causes color sensation.
Figure 2.2: Factors affecting color sensation
Even though the n-dimensional color spectrum is the most ac-
curate representation for color, very often in practical applications
the color is represented in a lower-dimensional color space. This re-
duction in the dimensionality of the color space sometimes causes
a problem, in that multiple colors from the original color space are
mapped onto a single color in the target space. This happens, for
example, if the color spectra of two objects are fundamentally dif-
ferent, but when viewed by a particular observer under a certain
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illumination the colors look the same. This phenomenon is called
metamerism [92]. Digital devices have their own 3-dimensional color
spaces in which the color is represented as a combination of three
primary colors. Most commonly in use are different RGB color
spaces where each color is expressed as proportions of red, green
and blue primaries. Also, the human color vision is based on infor-
mation received through receptors sensitive to three different wave-
length areas. The mathematical model for calculating the responses
for a detected signal in a certain color space is:
ci =
∫
λ
Sout(λ)si(λ)dλ, (2.3)
where i ∈ [1, n], n indicating the dimensionality of the tar-
get color space, Sout(λ) is the light reflecting from or transmitted
through an object under observation, si(λ) is the ith sensitivity func-
tion of the observer, and ci is the value of the ith coordinate in the
target color space. For example, in the case of an RGB camera
n = 3, the sensitivity functions of the camera s1(λ), s2(λ), s3(λ) are
defined by the manufacturer and the responses c1, c2, c3 are com-
monly known as color coordinates R,G, B.
An example of the dimensionality reduction described above in
the case of a human observer is shown in Figure 2.3, where the
light reflecting from an object is processed through the cones in the
eye. In the case of the human observer, the sensitivity functions
si(λ) are usually denoted as l(λ),m(λ), s(λ), and the responses ci
as L,M, S. The sensitivity functions and the responses are related
to the three types of cone cells in the human eye that are sensitive to
long, middle and short wavelengths of the visible light. The event
in Figure 2.3 is only the very first phase in the complicated process
that finally leads to color perception. Kaiser and Boynton in their
book "Human Color Vision" [49] have very thoroughly explained
these facts and also other important properties of color vision that
will be briefly mentioned in this chapter. A good reference for this
topic is also Goldstein’s Sensation and Perception [27].
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Tuija Jetsu: Modeling Color Vision
400 450 500 550 600 650 700
Wavelength [nm]
(a) Light reflecting from an object (see
also Figure 2.1)
400 450 500 550 600 650 700
Wavelength (nm)
l(λ)
m(λ)
s(λ)
(b) Relative cone sensitivities of an ob-
server
S M L
 
(c) Responses of cones (b) to stimulus
(a)
Figure 2.3: The first stage of human color vision
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2.1 THE EYE
When light enters the eye, it first travels through its optical part end-
ing up at the retina at the back of the eye. The general structure of a
human eye is illustrated in Figure 2.4 [38]. The retina is a very com-
plex organ and a part of the central nervous system [27,49]. On the
retina, there are two types of light-sensitive cells: rods and cones.
Rods are active in low illumination conditions, whereas cones func-
tion when more light is available. Cones are mainly responsible
for color vision. There are three types of cone cells in the human
retina, which are sensitive to short, middle and long wavelengths of
the visible spectrum. There are also a number of other types of cells
in the retina that further transfer the signals from photoreceptors to
the optic nerve and lateral geniculate nucleus (LGN). The different
layers in the retina are shown in Figure 2.5 [37].
Figure 2.4: A schematic diagram of the human eye [38]
The distribution of photoreceptor cells varies in different reti-
nal locations as shown in Figure 2.6 [27, 47, 49, 71]. For example,
the central foveal part of the retina, which is mainly responsible for
visual fixation, is completely lacking rods. There are also differ-
Dissertations in Forestry and Natural Sciences No 20 11
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Figure 2.5: A schematic diagram of the retina [37]
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ences between the cones found in the fovea and the other parts of
the retina: foveal cones are thinner and more closely packed than
anywhere else. The retina is less than half as thick in the fovea as
in the remainder of the eye, but even so the foveal cones are longer
than cones in the other parts of the retina. Further away from the
central fovea, the cones become fatter and rods start to appear. Out-
side the fovea, the cones are a lot fatter than the rods, which means
that they also occupy more space. At the margin of so-called foveal
pit there are already many more rods than cones per unit area (see
Figure 2.6).
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Figure 2.6: The distribution of rods and cones on a human retina (image based on [71])
Photoreceptor cells are connected in the outer plexiform level of
the retina to bipolar and horizontal cells. The bodies of the bipolar
and horizontal cells, as well as amacrine cells, lie in a region of the
retina called the inner nuclear layer. Bipolar and horizontal cells fur-
ther transmit the signal to interplexiform cells, which are also located
in the inner nuclear layer. The cells in the inner nuclear layer are
connected to ganglion cells in the inner plexiform layer. From gan-
glion cells nerve fibers conduct the signal to the optic nerve [49,96].
The retina contains over one hundred million photoreceptor cells,
but there are only one million ganglion cells that send information
to the brain [96]. This is a clear sign of the fact that the visual signal
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is already processed at least on some level at the retina. An abbre-
viated description of the connections relevant for color vision at the
retina according to [49] is given in Summary 1.
1. Light is captured by cones
2. Any given cone is in contact with 2-4 horizontal cells
- Horizontal cells tie groups of receptors together
3. Cones are also connected to bipolar cells
- Midget bipolars are chromatically selective
- Diffuse bipolars carry luminosity signals
- Blue cone bipolars synapse with
short wavelength sensitive receptors
4. Bipolar cells synapse with amacrine cells
- Amacrine cells send processes horizontally
in a layer between bipolar and ganglion cells
- The relation of amacrine cells to
color vision is not clear
5. Interplexiform cells send signals from
the inner to the outer plexiform system
- May take part in some sort of ’feedback’ system
6. Ganglion cells connect the retina to the optic nerve
- Two types of ganglion cells: M-cells and P-cells
Summary 1: Signal processing on the retina
2.2 THE BRAIN
After leaving the retinal ganglion cells, the visual signals continue
their way to the brain through optic nerve fibers [27, 49]. The path-
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way in the brain is shown in Figure 2.7, and Summary 2 gives a
concise description of the different connections. About half of the
optic nerve fibers from each eye cross the midline of the head at
the optic chiasm. After the chiasm, about 80 percent of the optic
nerve connects to the lateral geniculate nucleus (LGN) of the thala-
mus. There is one lateral geniculate nucleus on each side of the
brain, and each LGN receives input from both eyes. In addition,
the LGN also receives signals from the brain stem and visual cor-
tex. It is not totally clear yet what kinds of roles these other signals
play, but this complex construction shows that various things can
influence the information sent to the LGN. It has been suggested
that the major function of the LGN would not be to modify the re-
sponse of neurons, but to regulate neural information coming from
the retina to the visual cortex. This regularization can be seen when
we examine the signals arriving at and leaving the LGN: for every
10 nerve impulses that reach the LGN from the retina, only about 4
leave the LGN for the cortex [7, 27].
The LGN consists of six layers that can be divided into two
different parts: the top four layers are called parvocellular path-
ways and the bottom two layers magnocellular pathways. Distinc-
tion between magno- and parvocellular pahways already occurs
at the ganglion cell level, and even though the precise distinction
between these pathways is still under investigation, it has been
suggested that the magnocellular pathways deliver the main part
of all luminance-related signals, whereas the parvocellular layers
are responsible for carrying the signals that result in color per-
ception.Research by Schiller et. al. [75] shows that monkeys with
lesions in the parvocellular layer lost their ability to detect color,
which is a clear indication that the parvocellular layer plays a role
in the color vision process.
Most of the neural fibers connect from the LGN to the primary vi-
sual cortex (V1). The visual cortex provides a complex and a greatly
distorted map of the retinal image. V1 also seems to be the place
where the information from the two eyes is brought together [49].
There is a lot of research (e.g. [14,21,28]) that shows that on the cor-
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tex there are a number of types of opponent cells that are excited
by wavelengths at one end of the visible spectrum and inhibited
by wavelengths at the other end of the spectrum. Opponent cells
can also be found in the LGN [17]. A thorough summary of the
color-coding in the different parts of the human color vision sys-
tem has been done by Conway [13]. Opponent cells behave in a
way that offers a foundation for the opponent-process theory of
color vision [33].
1. Signals from the retinal ganglion cells
continue to the optic nerve
2. After crossing in the optic chiasma,
ganglion cell signals reach the LGN
- M-cells synapse in layers 1 & 2:
magnocellular layers (luminance signals)
- P-cells synapse in layers 3, 4, 5 & 6:
parvocellular layers (chromatic signals)
3. A LGN neuron also receives information from
brain stem and visual cortex
- opponent cells on the LGN
4. LGN transfers information to the visual cortex
- opponent cells on the cortex
Summary 2: Signal processing in the brain
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Figure 2.7: The visual pathway of the human vision system
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3 Color Vision Deficiencies
Even though most people have normal trichromatic color vision,
about 8 % of males and less than 1 % of females have some level of
color vision deficiency (CVD) [11]. The most severe version is a total
lack of one or more types of cone cells in the eye. Dichromacy is a
condition where one of three cone cell types is missing completely.
If two (long- and middle-wavelength) or all types of cone cells are
missing, the defect is called monochromacy, and the color vision of
the subject is limited to black, white and shades of gray. Instead of a
total loss of a certain cone type, it is also possible that the sensitivity
of a cone type has been shifted towards the sensitivity of another
type (anomalous trichromacy).
The most common form of color vision deficiency is red-green
color blindness, which results from the absence of either the long or
middle wavelength sensitive visual photopigments [4]. Red-green
blind subjects, as the name implies, have problems with differen-
tiating between red and green hues. This type of color vision de-
ficiency can be divided into two sub-categories: protan and deutan
defects, depending on the type of cones that are not working prop-
erly. A protan defect can more accurately be defined as protanopia if
the long-wavelength cones are completely missing, and protanomaly
if there has been a shift in pigment absorption to shorter wave-
lengths. A deutan defect can similarly be defined as deuteranopia if
the middle-wavelength cones are completely missing, and deutera-
nomaly if there has been a shift to longer wavelengths. Because the
red-green color vision deficiency is a typical case of X-linked reces-
sive inheritance, this form of color deficiency is more common with
men than with women. See Table 3.1 for more details.
A considerably rarer case of color vision deficiency is blue-
yellow or tritan color deficiency. Like protan and deutan defects,
tritan defect can also have forms of tritanopia or tritanomaly, de-
scribing either a total or partial loss of short-wavelength cone pig-
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Table 3.1: Prevalence of different types of color deficiency in men and women [4, 12]
Prevalence
Type of deficiency in men (%) in women (%)
Protanopia 1 0.01
Protanomalous trichromatism 1 0.03
Deuteranopia 1 0.01
Deuteranomalous trichromatism 5 0.35
Tritanopia 0.0001 0.0001
Tritanomalous trichromatism 0.002 0.002
ment. In the case of tritanomaly, the pigment absorption of short-
wavelength cones is not shifted as in protanomaly and deutera-
nomaly but rather the pigment is partly missing [4, 49]. Tritan de-
fects are inherited autosomally, so the probability of inheriting a
tritan defect is equal for men and women. See Table 3.1 for more
details.
Even though protan and deutan color vision deficiencies are
generally referred to as red-green deficiencies, protan and deutan
subjects only have problems in differentiating certain hues of red
and green. The confused colors lie in a CIE 1931 x,y chromaticity
diagram on so-called confusion lines that converge at a single point,
the confusion point (Figure 3.1) [92]. The same principle holds also
for tritan deficiency.
Color vision deficiencies are also common among other pri-
mates, especially among NewWorld Monkeys [43,44]. For example,
in the species of squirrel monkeys (Saimiri sciureus), some females
have trichromatic color vision, whereas males are, in general, red-
green color blind. Until now, color vision deficiency has been con-
sidered to be an incurable condition. It was however shown by a
group of researchers at the end of 2009 [59] that by using gene ther-
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(a) Protan confusion lines
(b) Deutan confusion lines
Figure 3.1: Examples of confusion lines for protan and deutan color vision deficiencies in
a CIE xy chromaticity diagram
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apy it is possible to cure color blindness in adult monkeys that had
been color blind since birth. The experiments were conducted using
a group of male squirrel monkeys, which were known to be red-
green color blind. In the experiments, a virus carrying the opsin for
the third cone pigment type was added to the dichromatic retinas
of the monkeys, providing a receptoral basis for trichromatic color
vision. The researchers report that the treated monkeys’ improve-
ment in color vision has remained stable for more than 2 years. This
is a remarkable result that also proves the plasticity of the primate
visual system in the sense that the rest of the visual system is able
to adapt to the addition of the third receptor type.
3.1 COLOR VISION TESTS
There are various kinds of tests for recognizing the different types
of color vision defects. A comprehensive description of different
tests can be found, for example, from the book Diagnosis of Defec-
tive Colour Vision by Jennifer Birch [4], which has also been used
as a general reference throughout this chapter. Table 3.2 shows the
suitability of color vision tests for different purposes.
Screening tests are used to discover whether or not a person has a
color vision deficiency. Grading tests aim at defining the severity of
the deficiency. Classifying tests are used to identify the type of the
deficiency (protan, deutan, tritan) and diagnostic tests to differenti-
ate between dichromats and anomalous trichromats. There are also
numerous tests that measure occupational suitability rather than
really define the type of the subject’s color vision deficiency. Com-
monly used tests in clinical practice include arrangement tests, like
Farnsworth-Munsell 100-Hue test and Farnsworth D15 test [23, 24],
pseudoisochromatic plates (American Optical Society (HRR) plates,
Ishihara plates [32, 42]), anomaloscopes, like Nagel anomaloscope
[90] and lantern tests, like Holmes-Wright lanterns [35].
A spectral anomaloscope (Figure 3.2(b)) is a standard reference
test for determining normal or abnormal red-green color vision
and for diagnosing the exact type of red-green color deficiency. In
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Table 3.2: Suitability of color vision tests for different tasks according to J. Birch [4]
Numbering used in the table: 0 (not suitable) - 3 (excellent suitability)
Task A: Precise colour matching (Spectral anomaloscopes)
Task B: Identification of figure (Pseudoisochromatic plates)
Task C: Arrangement of hues in sequence (Hue discrimination)
Task D: Colour naming (Lanterns)
Visual task Task A Task B Task C Task D
Function
Screening
3 3 0 1
(identifying)
Classifying (protan,
3 2 2 0
deutan and tritan)
Grading (severity) 3
Depends on
2 1
plate series
Diagnosis (dichromat/
3 0 0 0
anomalous trichromat)
Occupational
0 0 3 3
suitability
anomaloscope testing, the subject is shown a circle that consists of
two halves, test and target stimuli. The subject is asked to ma-
nipulate the red/green mixture ratio and the yellow luminance of
the test stimulus by using two control wheels until the test stimu-
lus matches the target stimulus in both color and brightness. Four
separate matches are made.
Pseudoisochromatic plates (Figure 3.2(c)) are designed in a way
that individual elements of the plates are spots or patches of color
which vary in size and lightness. The design exploits isochromatic
color confusions so that elements in the plates can be seen by peo-
ple with normal color vision but cannot be seen by color deficient
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people. It is possible to design plates so that figures either van-
ish, appear or transform when the results of normal color vision
subjects and color deficient subjects are compared.
Arrangement, i.e. hue discrimination, tests (Figure 3.2(a)) are usu-
ally meant to be used for identifying people with significant color
deficiency, who are likely to experience practical difficulties in spe-
cific occupations. Arrangement tests consist of color samples that
the subject arranges in a natural order according to hue, lightness
or saturation. Based on the errors made during the process, it is
usually possible to define the type and severity of the color defi-
ciency.
Lantern tests (Figure 3.2(d)) are often used when testing people
interested in careers in maritime, military, aviation and transport
services. In these fields, recognition of colored light signals cor-
rectly is considered to be important for safety. Colors are either
shown in pairs or singly in order to demonstrate the different kinds
of light signals and the subject has to name the color(s) present. It
should, though, be kept in mind that color naming is not an ideal
method for identifying color deficiency, because when dealing with
only small number of colors, it is possible to get reasonable results
also with lucky guesses.
3.2 DIFFERENCES BETWEEN INDIVIDUALS
A lot of research has been carried out in an attempt to explain
the differences in color vision between individuals (for example
[2,3,19,34,36,46,51–53,58,65,74,86,91], just to mention a few more
recent papers). Because color vision deficiency is linked to the X-
chromosome, it is genetically possible for women to be carriers of
the color deficiency gene without being color vision deficient them-
selves. Findings in the field of molecular genetics have revealed
that instead of three retinal visual pigments, for the female it is ac-
tually genetically possible to have four different photopigments on
the retina [19,52,65]. The effect of the fourth photopigment on color
vision has not really been noticed in the conventional color vision
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(a) Farnsworth-Munsell 100-Hue test
colors (hue arrangement)
(b) The anomaloscope princi-
ple (precise color matching)
(c) A vanishing pseudoisochromatic
plate (figure identification)
(d) Test lantern light combina-
tions (color naming)
Figure 3.2: Outlines of different color vision tests
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tests, and it is yet partly unknown how it really affects color vision.
Jameson et.al. [46] have found that women with four-photo-
pigment genotypes perceive significantly more chromatic appear-
ances than either male or female trichromat controls. Bimler et.al.
[3] have also examined the differences in color experience between
trichromat male and female subjects and concluded that when dif-
ferentiating between colors, males placed significantly less weight
on a red-green axis, and more on lightness. However, they soundly
state that the differences in behavior can be caused by a number of
reasons, ranging from retinal performance to patterns of socializa-
tion. On the other hand, Hood et.al. [36] report that the chromatic
discrimination along a red-green axis was impaired in the case of
carriers of deutan deficiencies but was normal in the case of carri-
ers of protan deficiencies. Also, results from Bimler et.al. [2] sup-
port the fact that the color space of heterozygous women would be
compressed in a red-green dimension. Because of a low number
of subjects, they were unable to provide reasonable separate results
for protan and deutan carriers.
In addition to individual differences in sensor photopigments,
there are also large inter-subject variations in the distribution of
cone cells in the retina. The estimates of the relative numbers of
cone cells sensitive to long (L) wavelengths and middle (M) wave-
lengths depend a lot on the experimental method in use [53]. A
recently developed technique for measuring cone distribution from
a living eye involves high-resolution adaptive-optics imaging com-
bined with retinal densitometry [34,74,91]. Also an adaptive-optics
scanning laser ophthalmoscope has been used to measure the pack-
ing of the cones on the retina [9, 10]. Kremers et.al. [53] mention in
their summary article of different methods for defining the cone
distribution that the L/M cone ratio in normal eyes has previously
been found to vary between 10:1 and 1:3. Large individual varia-
tion is also shown in the results of Roorda and Williams [74,91] and
Hofer et.al. [34], where the ratio of L to M cones varied from 1.1:1
to 16.5:1 within normal subjects. Hofer et.al. also found a protan
carrier with normal color vision who had an even more extreme
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L:M ratio (0.37:1). All subjects in these two experiments had nearly
identical S-cone densities. In the case of color vision deficient sub-
jects, it has also been shown by adaptive-optics imaging [6] that in
some cases there is nothing in the place of the deficient cone type,
and in other cases cones have been replaced by another type.
Instead of being congenital, it is also possible that a color vision
defect is acquired at some point in life. Some medical conditions,
like cortical or retinal lesions, glaucoma, diabetes and intracranial
injury or prolonged use of certain therapeutic drugs, can all cause
changes in color vision [4]. Color vision also changes with age, and
the different effects of aging with respect to color vision have been
summarized in [88]. It is known for example that the wavelength
discrimination abilities often decrease when aging, especially in ar-
eas related to long and middle wavelengths causing a tritan-like
color deficiency (e.g. [77]). Also, a general loss of sensitivity in color
vision during aging is a known fact [89]. Werner [88] also mentions
in his summary other possible age-related causes for changes in
color vision, like the decreasing transmittance of the optical media
in the eye, neural changes in the receptors (loss of foveal cones or
photopigment density), and the effects of aging upon the higher
neural pathways. However, it should be kept in mind that the
age-related changes in visual functions may be compensated for, to
some extent, by the plasticity of the adult vision system (e.g. [64]).
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4 Modeling Color Vision
There are at least two different ways to start building a theory or a
model for human color vision [82]. Research in psychophysics and
physiology is based on assumptions that there are certain relations
between color experiences and physiological states and events. Psy-
chophysics investigates which kinds of responses subjects have to
well-defined physical stimuli, and physiology attempts to define
correlations between these responses and the neural structures of
the human visual system. Computational research, on the other
hand, aims to explain different phenomena of color vision, at a
distinctly different level from those of psychophysics and physiol-
ogy. For example, the computational approach has been used to
explain the approximate color constancy property of human color
vision [56, 57].
Color related tasks that at first sight seem to be rather straight-
forward for a human being, can be computationally quite demand-
ing. A human observer can, for example easily recognize and cate-
gorize colors under various illuminations [31], and also take, with
ease, into account other factors than just color when the task is to
identify an object. Modeling this kind of behavior is a challenging
task, because, for example, the boundaries between different color
classes are generally not linear [8], and categorization results vary
between observers (e.g. [36, 54]).
4.1 THEORIES
The first theories for color vision were already developed over 200
years ago. The principle of trichromatic color vision was originally
presented in 1802 by Thomas Young [94], and the theory, nowadays
known as Young–Helmholtz trichromatic theory, was further devel-
oped by Hermann von Helmholtz [83]. The basic idea behind this
theory was that in the eye there are three types of photoreceptors
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that are sensitive to different wavelengths of visible light. Signals
from these photoreceptors then produced a color perception when
further processed by the brain.
Even though the trichromatic theory is able to explain a part of
the behavior of human color vision, there are still some aspects that
it cannot cover. For example, why in the case of color deficiency
are there always problems with certain pairs of colors, red-green or
blue-yellow instead of some single colors? And why under normal
conditions [15] is there no such color as reddish green or bluish
yellow? Ewald Hering developed a different opponent process the-
ory [33] to explain this kind of phenomena. He stated that instead
of three, there are actually four different primaries that appear in
pairs as red versus green and blue versus yellow. According to
Hering, the color processing system was based on three main com-
ponents that would respond in two opposite directions to signal red
vs. green, blue vs. yellow and black vs. white [72]. He believed
that this kind of processing already happens in the receptor level.
Zone theories for color vision bring together the trichromatic and
opponent theories. The properties of both theories are combined
into two separate but sequential zones which describe the process
of the visual stimulus arriving at the retina. The first versions of
this type of combined theory was suggested by MÂ¸ller in 1930 [62]
followed by Judd in 1949 [48]. In 1957, Leo Hurvich and Dorothea
Jameson [40] provided quantative data for color opponency and
proposed a precise testable formulation for a theory based on two
sequential stages of color processing [72].
In addition to trichromatic and zone theories, there are also
other theories with different approaches that try to explain the
properties of color vision. One of the well-known theories is the
Retinex theory introduced by Land in 1964 [56] and the further de-
veloped by Land and McCann [57]. The Retinex theory attempts
to model color constancy, one of the fundamental features of human
color vision. Color constancy can be defined as an ability to main-
tain the color of an object even if the illumination conditions and/or
the surrounding colors of the object change. Even though the hu-
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man visual system is not able to preserve color constancy perfectly,
it still outperforms artificial simulations of the visual system.
The term Retinex is a combination of the words retina and cor-
tex. This illustrates Land’s idea about retinal-cortical systems that
independently process the spatial information from a visible scene.
The systems are assumed to be sensitive to short, middle and long
wavelengths, and each system forms a separate image of the world.
According to Land’s theory, images from different systems are com-
pared with each other. The information from the entire visible scene
is used to eliminate the effect of the unknown and not necessarily
uniform illumination, leading to approximation of color constancy.
4.2 MODELS
Models for color vision rest on the assumptions made in theories for
color vision [92]. Usually the assumptions must be somehow sim-
plified in order to make the models useful for practical applications.
For example, when modeling the sensitivities of the human visual
system, a CIE standard observer (Figure 4.1) or a transformation
of it is used. There are also a number of different cone sensitivity
functions available for modeling the first phase of the human vision
system, for example from Smith & Pokorny (extended later by De-
Marco, Pokorny and Smith) [20,78], Vos & Walraven [84,85,87] and
Stockman & Sharpe [79, 80].
One quite common limitation of color vision models is that the
processing of the color information is based on a single pixel, which
does not accurately describe the real color vision system. The pa-
rameters of models are usually defined based on the results of dif-
ferent psychophysical experiments, for example replicating the be-
havior of subjects in discrimination or classification (e.g. [5, 30, 41]).
It is also possible to start the modeling from a physiological point
of view ( [18]) or to use a computational approach ( [25,56]). As we
examine some of the existing color vision models, we can see that
the basic structure of most models follows the well-known color
vision theories described in the previous section.
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Figure 4.1: CIE 1931 XYZ color matching functions
Ingling and Tsou [41] have formulated a simple one-opponent
stage vector space model for color vision. The calculation of the
opponent stage responses of the Ingling and Tsou model is done in
two steps. The first step is to multiply the incoming signal by Smith
and Pokorny cone fundamentals in order to get cone responses L,
M and S. After that, opponent stage responses r − g, b − y, and
Vλ (red-green, blue-yellow and achromatic channel, respectively)
are calculated simply by summing up cone responses. Ingling and
Tsou present in their model two different formula sets, one for dark-
and one for light-adapted conditions (threshold and suprathreshold
forms, see Equations 4.1 and 4.2, respectively).


r− g
b− y
Vλ

 =


1.2 −1.6 0
0.048 −0.039 −0.042
0.6 0.4 0




L
M
S

 (4.1)


r− g
b− y
Vλ

 =


1.2 −1.6 0.4
0.24 0.105 −0.7
0.6 0.4 0




L
M
S

 (4.2)
Bumbaca and Smith [5] have developed a computer vision system,
which would take advantage of the color vision discrimination ca-
pabilities of the human color vision. Bumbaca and Smith’s model
starts by multiplying the incoming signal by Smith and Pokorny
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cone fundamentals in order to get cone responses L, M, and S. Af-
ter that, a logarithm of L, M and S signals is taken in order to sim-
ulate the nonlinear response of cones L∗, M∗, and S∗ Equations 4.3-
4.5). Finally, nonlinear cone responses are summed in order to form
achromatic and chromatic channels A, C1, and C2 (achromatic, red-
green and blue-yellow channel, respectively - see Equation 4.6).
L∗ = log L (4.3)
M∗ = log M (4.4)
S∗ = log S (4.5)


A
C1
C2

 =


a 0 0
0 u1 0
0 0 u2




α β 0
1 −1 0
1 0 −1




L∗
M∗
S∗

 (4.6)
Parameters a, u1 and u2 of the Bumbaca and Smith model can
be adjusted, for example, so that the just-noticeable difference in
perception in the AC1C2 space is a sphere of radius 1. The values
for the parameters in this case are a(= 22.6), u1(= 41.6) and u2(=
10.5). α(= 0.7186) and β(= 0.2814) are scaling parameters related
to the model’s abilities to estimate V(λ) curve.
De Valois and De Valois [18] have developed a Multi-Stage Color
Model, which is mainly based on the physiological properties of the
human visual system. The model is based on the assumption that
the cones in the eye have a fixed ratio of 10:5:1 for long-, middle-,
and short-wavelength cones, respectively. De Valois and De Val-
ois introduced in their model two possibilities for receptive field
behavior: discrete and indiscriminate versions. In the discrete ver-
sion, cells with a L or M cone center are assumedly not affected
by S cones in the surroundings. The indiscriminate version sums
together all kinds of cells in the receptive field surroundings. The
modeling begins by multiplying the incoming signal by Smith and
Pokorny cone fundamentals in order to obtain cone responses L,
Dissertations in Forestry and Natural Sciences No 20 33
Tuija Jetsu: Modeling Color Vision
M and S. After that, cone opponency signals LO, MO, and SO are
calculated by using the receptive field theory (Equation 4.7):
• Subtract surrounding signals from the signal at the center of
receptive field.
• Weight the signal in the center by 16 (sum of assumed ratios).
• Total weight for the surrounding signals is also 16, using ratio
10:5:1 for L, M and S signals, respectively.
Finally, the responses from second stage are summed up to obtain
perceptual opponency signals RG, BY, and A i.e. red-green, blue-
yellow, and achromatic channels (Equation 4.8). The assumed ratio
10:5:1 is modified at this stage to 10:5:2, thus giving more weight to
short-wavelength signals.


LO
MO
SO

 =


6 −5 −1
−10 11 −1
−10 −5 15




L
M
S

 (4.7)


RG
BY
A

 =


+1 −1 +1
−1 +1 +1
+1 +1 +1




10 0 0
0 5 0
0 0 2




LO
MO
SO


=


90 −115 +25
−130 95 35
−10 −5 15




L
M
S

 (4.8)
The stages of the Ingling & Tsou, Bumbaca & Smith and De
Valois & De Valois color vision models are presented in a flow chart
shown in Figure 4.2.
The history of Guth’s ATD model includes various versions and
modifications. In ATD95 [29], Guth has summarized all his pre-
vious work, and also extended the model further [30]. His ATD
model has two opponent stages, and the model parameters have
been tuned to meet certain conditions defined by experimental re-
sults. Calculations in Guth’s ATD model begin by defining the re-
sponses for L, M, and S channels from an input signal by using
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Figure 4.2: The processing steps in Ingling & Tsou, Bumbaca & Smith and De Valois &
De Valois color vision models
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modified Smith & Pokorny Equations 4.9-4.11. With these func-
tions, the sensitivity in longer wavelengths is slightly enhanced, the
responses are made nonlinear and constant noise is added to each
receptor response. Also, gain control for the receptor responses
is introduced (Equation 4.12). The final responses for different
two opponent A1T1D1 and A2T2D2 are calculated through a two-
phase process that includes calculations for initial responses (Equa-
tions 4.13 and 4.14) and compression of those (Equation 4.15). A2,
T2 and D2 at the final stage of the model describe the achromatic,
red-green and blue-yellow channels, respectively.
L = [0.66(0.2435X + 0.8524Y − 0.0516Z)]0.70 + 0.024 (4.9)
M = [1.0(−0.3954X + 1.1642Y + 0.0837Z)]0.70 + 0.036(4.10)
S = [0.43(0.04Y + 0.06225Z)]0.70 + 0.31 (4.11)
Rg = R
σ
σ + R
, (4.12)
where R ∈ {L,M, S} and σ = 300.


A1i
T1i
D1i

 =


3.57 2.64 0
7.18 −6.21 0
−0.70 0.085 1.00




Lg
Mg
Sg

 (4.13)


A2i
T2i
D2i

 =


0.09 0 0
0 0.43 0.76
0 0 1.00




A1i
T1i
D1i

 (4.14)
Rj =
Rji
200+ |Rji|
, (4.15)
where R ∈ {A, T,D} and j ∈ {1, 2}. A flow chart of Guth’s ATD
model is shown in Figure 4.3.
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Figure 4.3: Guth’s ATD model
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5 Summary of the Results
It is known that there are already individual differences in the de-
tection phase of the human color vision system, for example in the
spatial configuration or spectral sensitivities of the cone cells in the
eye [34, 66]. The increasing amount of knowledge about human
color vision properties has raised a need to re-evaluate the existing
color vision model. We have started this work with the following
publications. The relationship of each publication to certain aspects
of color vision is shown in Figure 5.1.
[P3] Spectral images 
and the Retinex model
[P2] Cone ratio 
in color vision models
[P5] The effect of stimulus 
color, size and duration 
in color naming 
reaction times
[P1] Comparison of 
color vision models 
based on spectral 
color representation
[P4] Color classification 
using color vision models
General properties of the
human color vision system
Color constancy
Color naming
Color classification
Color perception Color naming
?
Figure 5.1: Publications
In publication [P1] (Comparison of Color Vision Models Based on
Spectral Color Representation), we re-evaluate four existing color
vision models and consider questions raised by recent break-throughs
in retinal imaging. Many color vision models are based on an as-
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sumption of the standard observer, and usually there is no con-
sideration regarding how the individual properties of different ob-
servers could be taken into account. For example, the retinal mosaic
or the cone sensitivities can vary a lot between observers, which can
be taken into account by starting the color vision process from the
spectral origin.
The main interest in this article was to examine how different
color vision models behave when compared to corresponding hu-
man results. The evaluation presented in this paper gives us more
knowledge about the essential properties of the models. The perfor-
mance of the models in the Farnsworth-Munsell 100 Hue color vi-
sion test, the wavelength discrimination power of each model, and
the color spaces spanned by the models were examined. Guth’s
complex nonlinear model was found to be able to approximate the
color vision properties over a wide range of luminances, but also
the lot simpler Ingling and Tsou’s linear model with a single oppo-
nent stage was able to give adequate results. However, no model
was able to replicate the performance of human color vision fully
in every experiment, and our experiments show that there are large
differences in the properties of these models.
In publication [P2] (Cone Ratio in Color Vision Models), we consid-
ered how the changes of the cone ratio in the retina would affect
color vision models. The basis of our analysis lies in a Multi-Stage
Color Model by de Valois and de Valois (1993), and we show how
changes in cone ratio affect the different stages of this model. The
behavior of the Multi-Stage Color Model was tested with different
cone ratios: 10:5:1, 18:5:1, 3:6:1, 12:1:1 and 1:1:1. The changes in
cone ratio were implemented as changes in the weighting of the re-
sponses at the first stage of the model. For the Farnsworth-Munsell
100 Hue color vision test, ratio 3:6:1 best preserved the organiza-
tion of the test colors in the opponent color space. Ratios 12:1:1 and
1:1:1 differed most from the others. This article shows that if the
changes in cone ratio would not be compensated for at all in the
later stages of the human visual system, the resulting color space
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Summary of the Results
would be very different for each individual.
In publication [P3] (Spectral images and the Retinex model), the
color constancy performance of the Retinex algorithm in different
color spaces was reviewed.The Retinex algorithm has earlier been
applied mainly to grayscale or RGB images, but in this paper we
consider different ways of applying the Retinex model to spectral
images. The use of spectral images as the starting point for the
model enables one, for example, more accurate examination of il-
lumination or observer changes. First, we tested how the Retinex
preserves colors when the spectral power distribution of the am-
bient light changes. To examine this, the algorithm was applied
to images in four different color spaces: spectral, L channel of the
L*a*b*, LMS, and sRGB. The color constancy between different il-
luminants was best preserved by using the spectral color space,
and the poorest performance was reached by using the sRGB space.
When examining the behavior of the Retinex model in a case where
the surround of an area of a scene changes, the results in RGB and
spectral spaces are similar (contrary to the first experiment) and
closer to the real world color perception than the results in other
color spaces. In general, it was noted that the output of the Retinex
algorithm for all color spaces requires careful selection of the post-
processing method.
In publication [P4] (Color classification using color vision models),
we look at the color vision topic from a classification point of view.
Instead of detecting and analyzing colors exactly in the same way,
we have all just learned to classify colors in a certain way, which
seems to lead almost always to the same result independent of the
individual differences in the color vision system. The color clas-
sification abilities of color vision models, considered also in [P1],
were examined by using a simple subspace classification method on
Munsell Matte Collection color samples. The output of the Multi-
Stage Color Model by De Valois and De Valois was a very poor
starting point for color classification, and with the output of Ingling
and Tsou model the color classes were somewhat overlapping. The
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two nonlinear models, Bumbaca and Smith’s and Guth’s models,
performed significantly better in this classification task. The errors
made by the two latter models were similar to the ones human ob-
servers also often make, meaning that if the color was not classified
into the correct class, it was usually classified into one of the neigh-
boring classes.
In publication [P5] (The effect of stimulus color, size and dura-
tion in color naming reaction times), we examine the differences
in color naming reaction times between subjects with normal and
deficient color vision. Color deficient people use, in many cases,
color names in a similar manner as people with normal color vi-
sion do. This means that the individual differences at the detection
level of a color vision system are somehow compensated for at the
later levels. In order to examine how different parameters affect the
color naming process, we conducted a color naming experiment by
using modified Berlin and Kay (1969) focal colors of different sizes
and durations, and measured the reaction time for each stimulus.
Some differences were found between normal and color vision
deficient subjects. It was found that among the three examined
parameters, color, size and duration, most differences in reaction
times between color vision deficient subjects and subjects with nor-
mal color vision were due to the color of the stimuli. Color vision
deficient (protan and deutan) subjects were clearly slower to react
to red and green colors than to blue and yellow, whereas there were
no remarkable differences in the reaction times for different colors
with subjects having normal color vision. There was one deutan
subject who consistently named red colors as green. In addition,
subjects with normal color vision named very small blue stimuli as
green. Also, the size of the stimuli had an effect on the reaction
times for some subjects, and size and duration both affected the
misclassification rate of stimuli.
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As almost always when modeling natural phenomena, when mod-
eling color vision the following questions also easily arise. Should
the model be universal or specific just for a certain application? At
what level of accuracy should the model be implemented? Is it even
possible to create a universal model?
Understanding the behavior of human color vision requires knowl-
edge from various fields of science. It makes no sense to claim that
the overview presented here would be all-embracing, because there
are countless possibilities for implementing the properties of hu-
man color vision. This dissertation and the related articles have
been written with an intention to contemplate the properties of hu-
man color vision from a slightly different point of view.
It was found out in [P1] that none of the examined models were
able to replicate the behavior of human color vision perfectly in
all experiments. At least some kind of nonlinearity had to be im-
plemented in order to be able to compensate for the differences
between different brightness levels. Even though the performance
of the Bumbaca and Smith model was the poorest with the tasks
given in [P1], the model performed well in the color classification
task in [P4]. This is a good example of a model that performs well
in a specific task for which it has been originally designed, in this
case the performance being motivated by a computer vision appli-
cation. Guth’s ATD model performed well in almost all given tasks,
but from the ATD model it is not as easy to separate all the stages
of the biological color vision system as it is, for example, in the
De Valois and De Valois model. As models are based on different
ideas, they also perform differently in given tasks.
Based on the results of [P2], we can speculate that if the only
thing changing anatomically in the color vision system between in-
dividuals was the cone ratio on the retina, the personal color space
of each individual would be quite different from others. Of course
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it is quite a radical simplification of the process if only the cone ra-
tio in the model is changed, and this does not tell the whole truth
of what actually happens in the human color vision. When peo-
ple have different cone distribution on the retina, the further neural
connections related to color vision are most probably formulated in
a different way, too. The actual spatial arrangement of the cones
was not considered as a part of this dissertation, but it is also one
interesting research topic related to color vision modeling.
Color constancy is one important property of the human color
vision system, but it is not too easy to model, as was seen in [P3].
Also the connections between different colored stimuli and the ac-
tual color sensation can vary a lot depending on the parameters
related to the stimuli, as was shown in the experiments in [P5]. The
largest differences in color-related issues are typically seen between
subjects with normal and deficient color vision, but there are also
individual differences within each group.
All these results strengthen the idea that color vision as a con-
cept is complicated, and that the modeling of it well is a demanding
task. The adaptive behavior of the color vision system is important
from the modeling point of view: in order to be able to replicate
the color vision accurately, a model must also have dynamic prop-
erties, like possibilities for spatial and temporal processing. It is
very likely that no model can take into account every single aspect
of color vision, but by combining the best properties of each model
it is possible to find a more universal approach.
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The objective of this research was to 
investigate the current state of human 
color vision modeling and to also ad-
dress its problems and possibilities. 
Some existing color vision models were 
examined from a computational point 
of view, and the behavior of the mod-
els was compared with a human ob-
server in experiments that evaluate the 
properties of color vision. Also, some 
changes in the anatomical properties of 
the human vision system, like the cone 
ratio on the retina, were taken into ac-
count in a part of the experiments. The 
results described in this dissertation 
strengthen the idea that color vision as 
a concept is complicated, and that the 
modeling of it well is a demanding task.
